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Abstract 
 
This paper aims to analyse the suitability of Soil Taxonomy to characterize the soil moisture regime 
for viticultural zoning studies, comparing the soil moisture parameters used in the Soil Taxonomy 
classification with soil moisture parameters relevant to the grapevine phenological stages. The results show 
that Soil Taxonomy does not adequately reflect the variability of soil moisture dynamics during vineyard 
growing. Then, a proposal for soil moisture regime classification is realised by means of a cluster analysis. 
This classification is based on determining dry days, as indicated by Soil Taxonomy, in different vine 
phenological periods, and grouping the cases according to their variability. The soil moisture regime classes, 
resulting from cluster analysis, show significant differences in soil moisture status in all phenological periods, 
and therefore present different implications for viticulture, related to potential for vegetative growth, grape 
production and the grape ripening process. 
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1. INTRODUCTION 
 
During recent years, viticultural zoning studies have increased significantly in relation to the 
expansion of the international wine market. Viticultural zoning can be defined as the spatial 
characterisation of zones that produce grapes or wines of similar composition, while enabling 
operational decisions to be implemented (Vaudour, 2003). There are different methods of viticultural 
zoning, depending on the factors considered. The simplest methods only consider soil, climate or the 
interaction between soil and climate (Morlat, 2001). Then, other factors can be added: variety and 
viticultural and oenological technology (Carbonneau, 2001), and historical and sociological wine-
growing factors (Vaudour, 2003). Among the various environmental factors and for a specific 
climate, soil is the most important factor in viticultural zoning (Sotés and Gómez-Miguel, 2003), due 
to its direct effect on vine development and wine quality. There are several approaches through soil 
studies which are oriented to viticultural zoning (Van Leeuwen et al., 2002), but the methods that 
provide the most information are soil survey techniques, since they bring both the knowledge of 
spatial variability of soil properties and soil classification according to its viticultural potential (Van 
Leeuwen and Chéry, 2001). Soil survey methods based on Soil Taxonomy classification (SSS, 1999) 
are useful for viticultural zoning studies at different levels of detail (Gómez-Miguel and Sotés, 2001; 
Gómez-Miguel and Sotés, 2003; Ubalde et al., 2009).  
J. M. Ubalde et al. / Determining Soil Moisture Regimes for Viticultural Zoning Purposes 
 
 2
 
The soil properties which have the most influence on viticultural zoning are the ones related 
to soil moisture regime (Seguin, 1986), which is determining in the equilibrium between vegetative 
vigour and grape production (Van Leeuwen and Seguin, 1994), and consequently on grape and wine 
quality (Trégoat et al., 2002; Esteban et al., 2001; Gurovich and Páez, 2004). Generally, a 
moderately limited soil moisture regime induces positive effects on berry composition and wine 
quality (Kounduras et al., 1999), with an increase of berry sugar (Jones and Davis, 2000), 
anthocyanin and tannin contents and also an increase of grape ripening speed (Van Leeuwen and 
Seguin, 1994). After flowering, water limitation reduces potential berry size by reducing the number 
of cells per berry (Ojeda et al., 2002). After veraison, a reduced water regime involves an earlier 
growth shutdown, reduces berry weight and yield (Van Leeuwen et al., 2003), and increases sugar 
content, since berry weight has a strong negative linear correlation with sugar content (Hunter and 
Deloire, 2005). Moreover, an earlier growth shutdown limits the development of secondary leaf area, 
improving grape microclimate conditions, with higher exposure to solar radiation (Trégoat et al., 
2002). With regard to phenolic compounds, soil water availability controls skin/pulp ratio, affecting 
polyphenol biosynthesis (Matthews and Anderson, 1988; Ginestar et al., 1998; Sipiora and 
Gutiérrez-Granda, 1998; Esteban et al., 2001; Gurovich and Páez, 2004; Sivilotti et al., 2005). Other 
studies attribute the positive effect on polyphenol synthesis to an improvement of the microclimate, 
related to the decrease of leaf area and a better berry exposure (Dry et al., 2001; Trégoat et al., 
2002), but not all studies can demonstrate this effect (Hilbert et al., 2003). Thus, the knowledge of 
the soil moisture regime, considered as the evolution over time of the soil moisture status, is 
indispensable to appraise the vineyard potential for grape and wine production.  
There are different methods to characterize the seasonal soil moisture dynamics. Soil 
Taxonomy (SSS, 2006) is the only worldwide classification system which considers the soil 
moisture regime (SMR). The Soil Taxonomy SMR, which can be defined as the distribution of 
periods of dryness and wetness during a normal year, is determined by cumulative and consecutive 
days of dryness (soil water potential < -1500 kPa) and moistness (soil water potential > -1500 kPa) 
in the soil moisture control section (SMCS), which corresponds to the depth to which a dry soil will 
be moistened by 25 mm (upper limit) and 75 mm (lower limit). The periods considered by Soil 
Taxonomy are the four months following the winter and summer solstice, and the period when soil 
temperatures are higher than 5 and 8 ºC. At European level, the Georeferenced Soil Database of 
Europe (Finke et al., 2001) defines the annual SMR from cumulative periods of moistness (water 
potential > -1 kPa) within 40 and 80 cm soil depth. Kamara and Jackson (1997) proposed a rain-soil 
moisture index classification for tropical regions, which considers the frequency of rainy days (daily 
rain > 0.25 mm) and the daily percentage of the soil moisture storage capacity. All these studies 
show that, despite the existence of few methods to characterize SMR, the soil moisture parameters 
and the periods considered are very variable. Furthermore, the variables considered do not take into 
account the vine phenological stages, so probably these methods are not the most suitable to separate 
SMRs according their potential effects on viticulture. Some studies of soil moisture orientated to 
vineyard crops are Payan and Salançon (2002), who characterized the evolution of soil moisture in 
vineyards for irrigation purposes, using hydric itineraries, which represent the soil water deficit 
(fraction of transpirable soil water) in the different vine phenological stages, or Tonietto and 
Carbonneau (2004), who proposed a worldwide multicriteria climatic classification, which defined 
climatic classes according to a dryness index, calculated from the potential soil water reserve at 
grape maturity.  
As said before, soil moisture regime is determining in grape and wine quality, and is also 
necessary to implement Soil Taxonomy classification. In this study, soil water content is monitored 
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in 10 representative soil map units, belonging to a Soil Taxonomy-based viticultural zoning (Ubalde 
et al., 2009), in order to characterize the soil moisture regime. This paper aims to analyse the 
suitability of Soil Taxonomy to characterize the soil moisture regime for viticultural zoning purposes 
and also to compare Soil Taxonomy classification with a classification based on the variability of 
soil moisture during the grapevine phenological stages. 
 
1. MATERIALS AND METHODS 
 
1.1. Setting 
 
The study area was located in high quality producing vineyards, in different counties of 
Catalonia (North-Eastern Spain): Priorat, Anoia, Pallars Jussà, Alt Penedès and Conca de Barberà 
(Table 1). The altitude ranges between 196 m and 902 m. The studied plots were vines of different 
cultivars (Cabernet sauvignon, Pinot noir, Grenache noir and Tempranillo), ages (8 - 35 years old) 
and vine densities (3,300 - 4,500 vines per hectare). All vineyards followed similar management: 
vines were trained to an espalier-type canopy system and were double cordon Royat pruned (12 buds 
per vine), vineyards were dry-land farmed and weeds were controlled by ploughing. 
These vineyards are located on three distinct main geological units of Catalonia, more 
specifically on the Catalan Coastal Range, the Ebro Basin and the Prepyrenees (Figure 1). The 
Catalan Coastal Range is an alpine folded chain formed by both massifs and tectonic trenches 
(Anadón et al., 1979). The Priorat vineyards are located in the hillslope of the massif, on 
Carboniferous slates (‘Solana 1 and 2’) and granodiorites (‘Arenal’). ‘Peu del bosc’ vineyard is 
located in the footslope of the massif, on siliceous gravel deposits (slates and granites). The Alt 
Penedès plots are located in a tectonic trench, where calcareous materials from Miocene 
predominate. In particular, ‘Plana’ is located in a bottom valley and ‘Sivill’ is located in a residual 
platform. The vineyards of the Ebro basin margin are ‘Ca l’Atzet’ (Anoia) and ‘Llarga’ (Conca de 
Barberà), where calcareous materials from Eocene and Oligocene predominate, respectively. Finally, 
‘Sant Miquel’ is located in the Prepyrenees, on glacis formed by calcareous gravel deposits.  
 
Table 1. Location and viticultural characteristics of the studied plots. 
County Plot name Location Altitude (m) Cultivar Age (years) Vines/hectare
Arenal 0º 49’ E, 41º 7’ N 313 Tempranillo 10 4,500 
Solana 1 0º 52’ E, 41º 12’ N 493 Grenache noir 12 3,300 
Priorat 
Solana 2 0º 52’ E, 41º 12’ N 493 Grenache noir 12 3,300 
Anoia Ca l’Atzet 1º 30’ E, 41º 30’ N 542 Pinot noir 23 4,500 
Pallars Jussà St. Miquel 0º 50’ E, 42º 12’ N 902 Pinot noir 8 4,500 
Plana 1º 40’ E, 41º 21’ N 196 Cabernet sauvignon 35 3,700 Alt Penedès 
Sivill 1º 39’ E, 41º 21’ N 237 Cabernet sauvignon 30 4,500 
Llarga 1º 4’ E, 41º 23’ N 450 Cabernet sauvignon 20 3,700 
Solar 1º 4’ E, 41º 23’ N 459 Cabernet sauvignon 20 3,700 
Conca de Barberà 
Peu del bosc 1º 5’ E, 41º 22’ N 532 Grenache noir 15 4,500 
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Figure 1. Location map of the studied plots. 
 
A high variability of physicochemical soil properties can be identified (Table 2), in relation 
to the existing differences in lithologies and landforms. The selected soils are classified as Entisol, 
Inceptisol and Mollisol orders (SSS, 2006) (Table 3). Entisols are characterized by little or no 
evidence of soil formation. The groups described were Xerorthents (‘Solana 1, 2’), characterized by 
being shallow soils with a root-limiting layer, Xerofluvents (‘Ca l’Atzet’, ‘Plana’ and ‘Llarga’), 
which are deep soils, rich in organic matter in depth, and Xeropsamments (‘Arenal’), which are 
sandy soils. Inceptisols are characterized by being in the early stages of soil formation. The groups 
described were Haploxerepts, which showed evidences of carbonate removals (‘Solar’) or clay 
neoformation (‘Peu del bosc’), and Calcixerepts (‘Sivill’), characterized by calcium carbonate 
accumulations.  
Mollisols are base-rich soils with a dark coloured surface horizon, due to organic matter 
accumulation. The group identified was Palexerolls (‘St. Miquel’), which was characterized by high 
organic matter content and calcium carbonate cementations. 
The climate type is Mediterranean, characterized by a dry warm season during summer, even 
though there are differences in temperatures and precipitation according to the altitude and distance 
to the sea. The mean annual precipitation varies from 520 mm (Penedès) to 650 mm (Pallars Jussà), 
showing seasonal variations. In all regions, the precipitation has a bimodal distribution (peaks in 
spring and autumn) and a minimum of precipitation in summer, particularly in July. Moreover, the 
annual precipitation has a high interannual variability (from 305 mm to 1110 mm in Priorat). The 
mean annual temperature ranges between 12.7 (Priorat) and 16.4ºC (Anoia). The highest 
temperatures occur in summer, particularly in July or August, while the lowest temperatures occur in 
winter (January). The viticultural climate (Tonietto and Carbonneau, 2004) ranges between 
subhumid and moderately dry, between temperate and warm, and between very cold nights and 
temperate nights.  
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Table 2. Physicochemical properties of the selected soils. 
Soil Depth (cm) pH 
EC 
(dS/m) 
Organic
matter 
(%) 
CaCO3
(%) 
Sand 
(%)
Silt 
(%)
Clay 
(%)
Textural 
classa 
(SSS, 
2003) 
Rock 
fragments 
(%) 
Moisture 
at      
-33KPa 
(%) 
Moisture 
at -1500 
KPa  
(%) 
Water 
holding 
capacity 
(mm/10cm)
20 8.6 0.12 0.1 trace 91.5 4.9 3.6 Sa trace 5 3 3.0 Arenal 
40 8.6 0.11 0.1 trace 91.8 6.9 1.3 Sa trace 5 3 3.1 
Solana 1 15 7.6 0.31 3.9 trace 66.4 20.8 12.8 SaL 58 20 8 8.5 
15 7.6 0.26 3.5 trace 69.5 19.8 10.7 SaL 48 21 8 10.6 Solana 2 
45 7.7 0.22 1.9 trace 71.1 18.3 10.6 SaL 37 18 8 13.2 
9 8.3 0.22 1.8 43 23.7 44.0 32.3 CL trace 24 12 19.1 
52 8.5 0.28 1.1 43 28.2 38.4 33.4 CL trace 22 12 17.8 
86 8.5 0.25 0.5 49 36.4 36.6 27.0 CL trace 21 10 19.8 
Ca l’Atzet
120 8.4 0.33 0.5 51 42.2 33.0 24.8 L trace 20 10 18.0 
12 8.6 0.20 4.3 29 35.8 50.7 13.5 SiL 28 24 13 11.9 
32 8.5 0.19 3.9 34 37.8 47.6 14.6 L 29 25 14 12.6 
St. 
Miquel 
120 8.9 0.14 0.4 78 73.7 20.7 5.6 SaL 50 17 4 12.3 
14 8.4 0.17 1.7 28 28.1 50.1 21.8 SiL trace 23 10 18.2 
50 8.4 0.20 1.2 28 27.8 49.5 22.7 SiL trace 22 11 17.4 
93 8.4 0.22 0.8 27 30.1 45.5 24.4 L trace 22 12 16.3 
Plana 
135 8.4 0.19 1.0 34 32.9 40.5 26.6 L trace 23 12 19.7 
10 8.5 0.18 2.2 37 37.7 36.7 25.6 L 37 25 13 9.3 Sivill 
50 8.6 0.20 1.6 72 63.3 25.3 11.4 SaL 36 20 9 10.1 
19 8.4 0.23 1.1 45 23.0 55.5 21.5 SiL trace 21 8 17.7 
40 8.4 0.22 0.9 46 21.8 56.4 21.8 SiL trace 21 8 21.6 
80 8.4 0.30 1.3 47 20.8 56.1 23.1 SiL trace 23 9 20.3 
Llarga 
110 8.0 1.42 1.2 45 15.5 58.0 26.5 SiL trace 19 7 17.1 
15 8.3 0.40 2.0 17 43.8 39.9 16.3 L 22 21 8 11.3 
38 8.5 0.19 1.0 9 71.1 18.8 10.1 SaL 54 12 5 4.7 
70 8.5 0.22 0.5 trace 89.6 4.7 5.7 Sa 65 5 2 1.2 
Solar 
130 8.5 0.19 0.4 trace 89.1 3.3 7.6 Sa 50 4 2 0.6 
20 8.4 0.17 1.4 4 54.6 28.5 16.9 SaL 28 20 8 14.1 
50 8.4 0.19 1.1 5 46.2 34.4 19.4 L 30 22 10 13.6 
85 8.4 0.19 0.7 4 45.1 37.4 17.5 L 31 21 9 13.2 
Peu del 
bosc 
120 8.3 0.17 1.1 4 52.3 30.8 16.9 L 48 19 9 10.6 
a CL: clay loam, SiL: silt loam, L: loam; SaL: sandy loam, Sa: sand. 
 
Figure 2. Average climate data in the study area.  
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1.2. Soil moisture and climate monitoring 
 
The soil water content was monitored by capacitance sensors (ECHO, Decagon Devices Inc.), 
continuously (every 30 min) and at different depths, in 10 soil series (SSS, 2006) located in 5 
viticultural climates (Tonietto and Carbonneau, 2004) (Table 3). In order to minimize the effect of 
internal soil variability, 3 capacitance sensors at 20 m of distance (forming a triangle) were installed 
for each depth. A calibration was performed in order to convert capacitance data (mV) to volumetric 
moisture data (%). This calibration was made by means of linear regressions between capacitance 
data and soil moisture data, registered at different seasons of the year. Field capacity (FC) was 
determined by capacitance sensors after 48 hours of soil saturation during periods of continuous, 
heavy rains. Similar methods were used in previous studies (Lebon et al., 2003). Permanent wilting 
point (PWP) was estimated as soil moisture to -1500 KPa, determined by pressure-plate extraction 
from disturbed samples (sieved to 2 mm). 
Daily climatic data were recorded in automatic weather stations of the Meteorological Service of 
Catalonia or Miguel Torres Winery, which were close the monitored plots. Data of rainfall, air 
temperature, solar radiation, wind, relative humidity, atmospheric pressure and reference 
evapotranspiration were available. Moreover, one rain gauge was installed for each soil type. Soil 
temperature data were estimated from air temperature, according to Jarauta (1989).  
 
Table 3. Capacitance sensors distribution. 
Climatic zone Soil series Plot name Depths (cm)   Years  
Sandy, mixed, mesic, shallow, Typic 
Xeropsamments 
Arenal 15 – 30 2004 a 2006 
Loamy-skeletal, mixed, semiactive, 
mesic, Lythic Xerorthents (very shallow) 
Solana 1 15 2005 a 2007 
Subhumid, 
temperate, cool 
nights 
Loamy-skeletal, mixed, semiactive, 
mesic, Lythic Xerorthents (shallow) 
Solana 2 15 – 30 2005 a 2006 
Subhumid, 
warm, temperate 
nights 
Fine, mixed, semiactive, thermic, Typic 
Xerofluvents 
Ca l’Atzet 15 – 30 – 60 – 90 2005 a 2007 
Subhumid, 
warm, very cool 
nights 
Loamy, carbonatic, mesic, shallow, 
Petrocalcic Palexerolls 
St. Miquel 15 – 30 2005 a 2007 
Fine-loamy, mixed, active, thermic, Typic 
Xerofluvents 
Plana 15 – 30 – 60 – 90 2005 a 2007 Moderately dry, 
temperate warm, 
temperate nights Loamy, carbonatic, thermic, Petrocalcic 
Calcixerepts  
Sivill 15 – 30 2005 a 2007 
Fine-loamy, carbonatic, mesic, Typic 
Xerofluvents 
Llarga 15 – 30 – 60 – 90 2004 a 2006 
Sandy-skeletal, mixed, mesic, Typic 
Haploxerepts 
Solar 15 – 30 2004 a 2006 
Moderately dry, 
temperate warm, 
cool nights 
Fine-loamy, mixed, active, mesic, 
Fluventic Haploxerepts 
Peu del bosc 15 – 30 – 60 – 90 2004 006 
 
1.3. Soil moisture regime characterization 
 
As said before, Soil Taxonomy is the only worldwide classification of soil moisture regimes 
(SMRs). The Soil Taxonomy SMRs are defined in terms of presence or absence of water held at a 
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tension of less than 1500 kPa during certain periods (SSS, 2006). The periods considered by Soil 
Taxonomy do not correspond to grapevine phenological stages, so the suitability of Soil Taxonomy 
SMR to characterize soil moisture dynamics in vineyards is not clear. In order to analyse this 
suitability, soil moisture status in the soil moisture control section (SMCS) was determined for the 
periods which dictate Soil Taxonomy and the phenological stages of vines. In this study, 3 soil 
moisture statuses were considered: (1) dry in all parts when all capacitance sensors within the SMCS 
were below the PWP, (2) moist in some parts when some capacitance sensors within the SMCS were 
above the PWP and (3) moist in all parts when all capacitance sensors within the SMCS were above 
the PWP.  
The periods considered by Soil Taxonomy are the four months following the winter and summer 
solstice, and the period when soil temperatures are higher than 5 and 8ºC. The variables which 
determine the Soil Taxonomy SMR are defined by the number of cumulative and consecutive days 
or the percentage of days during these periods in which the SMCS presents a particular soil moisture 
status (Table 4). The values that achieve these variables define the soil moisture regimes in Soil 
Taxonomy (Table 5): aridic, xeric, ustic and udic.  
 
Table 4. Variables determining the soil moisture regime in Soil Taxonomy (SSS, 2006; Loaiza, 2007). 
Variable Description 
ST1 Percentage of days per year when the soil temperature is > 5ºC where the soil 
moisture control section is dry in all parts. 
ST2 Consecutive days when the soil temperature is > 8ºC where the soil moisture 
control section is moist in some or all parts.  
ST3 Cumulative days per year where the soil moisture control section is moist in 
all parts.  
ST4 Consecutive days in the 4 months following the summer solstice where the 
soil moisture control section is dry in all parts.  
ST5 Consecutive days in the 4 months following the winter solstice where the soil 
moisture control section is moist in all parts.  
 
The soil moisture variables related to grapevine phenological stages are consecutive days 
and percentage of days per year where the SMCS presents a particular soil moisture status, for the 
following periods: dormant season (October-March), growing season (April -September), period 
between budbreak and flowering (April-May), period between flowering and veraison (June-July) 
and period between veraison and maturity (August-September). These months are representative of 
grapevine phenological stages in Mediterranean climates of the Northern Hemisphere (Martínez de 
Toda, 1991; Hidalgo, 1999), and are also representative for the climates and cultivars considered in 
this study. Moreover, the period with air temperatures above 10°C, which is the thermal threshold 
for grapevine vegetative activity (Hidalgo, 1999), was considered. 
Soil Taxonomy SMR classification is meant for “normal years”, defined as years that have 
plus or minus one standard deviation of the long-term mean annual precipitation. However, in this 
study, in order to have more data availability, the Soil Taxonomy SMR was determined for every 
year, assuming that certain annual weather conditions may correspond to “normal years” of different 
climates. This approach was possible because we were not analyzing the effect of climate or soil on 
soil moisture conditions, but we wanted to compare Soil Taxonomy variables with variables related 
to grapevine phenological stages. 
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Table 5. Criteria for determining the soil moisture regime in Soil Taxonomy (Gascó-Ibañez, 1978; Jarauta, 
1989). 
ST1 < 50 ST2 >= 90 ST3 < 275 ST4 >= 45 ST5 >= 45 SMR 
False False - - - Aridic 
- - False False - Udic 
True - True False True Ustic (1) 
True - True - False Ustic (2) 
True False - True True Xeric (1) 
False True - True True Xeric (2) 
True True - True True Xeric (3) 
 
1.4. Statistics 
 
At first, a Pearson correlation analysis was performed for the variables related to soil moisture 
regime characterization, in order to simplify the number of dependent variables. Then, the variability 
of parameters related to grapevine phenological stages was compared with the Soil Taxonomy 
SMRs, by means of variance analysis (ANOVA). Means were separated by Newman-Keuls post-hoc 
analysis (p < 0.05). Moreover, a proposal of SMR classification in vineyard soils was realised by 
means of a cluster analysis (k-means method). This method groups data in k clusters of greatest 
possible distinction. Initial cluster centres were determined by sorting distances and taking 
observations at constant intervals. Finally, classes formed by cluster analysis were compared with 
SMR of Soil Taxonomy, by the Pearson’s chi-square test. In this analysis, the null hypothesis was 
the independence (no association) between variables. All statistical analyses were performed in 
STATISTICA®. 
 
2. RESULTS AND DISCUSSION 
 
During this study, the climatic conditions did not show remarkable trends for years or counties 
(Table 6). For example, the rainiest or warmest year in a county was not necessarily the same for 
other counties, and no particular county was always the rainiest or the warmest. The rainiest year 
was 2004 in Priorat (554 mm) and the driest year was 2005 in Anoia (318 mm). Different trends 
were observed for the growing season and the ripening period. The rainiest growing season was 
2007 in Pallars Jussà (325 mm) and the driest one was 2006 in Alt Penedès (173 mm). The rainiest 
ripening season was 2006 in Conca de Barberà (166 mm) and the driest one was 2004 in Priorat (12 
mm). Regarding the temperatures, 2006 in Priorat was the warmest year during the year (16.1ºC), the 
growing season (21.6 ºC) and the ripening period (23.2ºC). The coolest year was 2007 in Pallars 
Jussà (12.8 ºC), but during the growing season was 2004 in Conca de Barberà (17.8ºC) and during 
the ripening season 2006 in Conca de Barberà (19.3ºC). 
Those cases could not be classified as xeric because they do not accomplish the criteria of either 
at least 45 consecutive dry days in the 4 months following the summer solstice or at least 45 
consecutive humid days in the 4 months following the winter solstice. The SMR was aridic in 3 
cases (Plana and Sivill in 2005 and Llarga in 2004), since they presented more than 50% of dry days 
when the soil temperature was > 5ºC and less than 90 consecutive humid days when the soil 
temperature was > 8ºC. Finally, the SMR was udic in 3 cases (Arenal in 2004 and 2005 and Peu del 
Bosc in 2006), since they presented less than 90 consecutive dry days per year and less than 45 
consecutive dry days in the 4 months following the summer solstice. 
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Table 6. Meteorological data for the growing season (Apr-Oct), the ripening period (Aug-Sep) and year in the 
study area (2004-2007).  
Total rainfall 
(mm) 
Mean Temperature 
(ºC) 
Average maximum 
Temperature (ºC) 
Average minimum 
Temperature (ºC) County Year 
Aug-
Sep 
Apr-
Oct Year 
Aug-
Sep 
Apr-
Oct Year 
Aug-
Sep 
Apr-
Oct Annual 
Aug-
Sep 
Apr-
Oct Year 
2004 12 252 554 22.7 19.1 14.2 30.0 26.1 20.5 17.3 13.6 9.3 
2005 145 272 465 22.6 20.7 14.8 29.9 27.6 21.4 16.1 14.5 9.3 
2006 145 225 350 23.2 21.6 16.1 30.4 28.9 22.9 16.6 14.8 10.1 
Priorat 
2007 28 287 407 21.5 19.2 14.8 28.7 26.0 21.1 15.8 13.8 9.8 
2005 105 204 318 19.8 18.3 13.3 26.6 25.5 19.8 13.0 11.2 6.8 
2006 119 257 453 20.2 18.8 13.9 29.2 28.0 22.3 12.9 10.6 6.8 
Anoia 
2007 84 303 421 19.7 17.8 13.0 28.5 26.4 21.5 12.0 9.9 5.7 
2005 153 325 353 21 19.9 13.1 29.5 28.4 21.3 13.7 12.3 6.2 
2006 71 246 361 20.4 20.0 13.9 29.6 29.1 21.9 13.6 12.5 7.4 
Pallars 
Jussà 
2007 30 364 429 20.8 18.5 12.8 29.3 26.9 21.0 13.0 11.0 6.0 
2005 144 286 480 21.3 19.8 14.6 28.7 27.1 22.0 15.2 13.5 8.6 
2006 122 173 357 22.0 20.5 15.9 29.1 27.8 22.9 16.1 14.1 10.0 
Alt 
Penedès 
2007 85 308 399 20.8 19.0 14.9 26.8 25.2 21.6 15.5 13.3 9.3 
2004 35 283 495 21.8 17.8 13.2 28.1 24.0 18.8 16.2 12.1 8.2 
2005 73 192 366 20.4 19.0 13.5 26.8 25.4 19.4 14.6 12.9 8.2 
Conca 
de 
Barberà 2006 166 256 380 19.3 18.7 14.1 27.7 26.2 20.5 15.3 13.3 9.2 
 
Regarding the variables related to phenological stages, a significant high correlation between 
consecutive dry days and percentage of dry days was determined by means of a Pearson analysis (r = 
0.87 - 1.00, p < 0.05, n = 29). So, from now, the statistical analyses only consider the variables 
calculated as percentage of dry days, which are easier to determine. Moreover, a significant 
correlation was determined between the percentage of dry days between April and September and 
the months with temperature exceeding 10 °C (r = 0.74, p < 0.05, n = 29), so this last variable is also 
removed. Thus, the variables related to vineyard phenology considered in the statistical analysis are 
the percentage of dry days during the dormant season, growing season, budbreak-flowering, 
flowering-veraison and veraison-harvest. 
Table 8 shows the results of the analysis of variance (ANOVA), considering as independent 
variables the percentage of dry days in different phenological periods and as dependent (categorical) 
variable the Soil Taxonomy SMR. Mean values for each SMR and significant differences (p < 0.05) 
between means are shown. In general, significant differences were found between the Soil 
Taxonomy SMRs in all phenological periods, except for flowering-veraison period. However, the 
separation of means was poor, since no more than 2 groups of SMR with significant differences 
could be distinguished. The aridic and ustic (2) SMR were separated from the remainder SMR 
during the dormant season, aridic was separated from ustic (1) and udic during the growing season, 
aridic was separated from xeric (2, 3) and udic during the budbreak-flowering period and xeric (2) 
was separated from ustic and udic during the veraison-harvest period. As mentioned above, no 
significant differences between the SMRs were found during the flowering-veraison period. Soil 
moisture during this period is very important to grape production, since it determines the number of 
cells per berry and consequently the potential berry size (Ojeda et al., 2002). Thus, the Soil 
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Taxonomy SMR does not adequately reflect differences in the soil moisture status during the 
grapevine phenological periods.  
 
Table 7. Characterisation of soil moisture dynamics using variables from Soil Taxonomy SMR for each plot 
and year (Description of variables in table 3). 
Plot name Year ST1 ST2 ST3 ST4 ST5 Regime 
2004 23 115 291 33 51 Udic 
2005 0 255 365 0 122 Udic 
Arenal 
2006 36 100 260 58 123 Xeric (3) 
2005 48 59 179 51 26 Ustic (2) 
2006 43 81 238 83 105 Xeric (1) 
Solana 1 
2007 45 99 246 94 122 Xeric (2) 
2005 43 134 198 68 25 Ustic (2) Solana 2 
2006 26 99 234 74 122 Xeric (3) 
2005 25 117 218 56 121 Xeric (3) 
2006 21 118 278 59 121 Xeric (3) 
Ca l'Atzet 
2007 38 104 211 76 121 Xeric (3) 
2005 32 63 184 24 0 Ustic (1) 
2006 31 96 275 83 105 Xeric (3) 
St. Miquel 
2007 53 116 183 82 123 Xeric (2) 
2005 65 89 116 78 0 Aridic 
2006 14 140 167 39 100 Ustic (1) 
Plana 
2007 46 81 0 48 0 Ustic (2) 
2005 65 89 116 78 0 Aridic 
2006 16 130 316 49 123 Xeric (3) 
Sivill 
2007 5 89 248 15 123 Ustic (1) 
2004 57 67 188 113 61 Aridic 
2005 33 95 243 75 113 Xeric (3) 
Llarga 
2006 26 87 220 26 104 Ustic (1) 
2004 39 75 252 67 123 Xeric (1) 
2005 32 84 284 79 122 Xeric (1) 
Solar 
2006 28 92 252 30 112 Ustic (1) 
2004 47 98 197 87 61 Xeric (3) 
2005 19 119 282 50 122 Xeric (3) 
Peu del bosc 
2006 12 111 277 35 122 Udic 
 
When the ANOVA is performed without xeric and ustic subdivisions (Table 9), significant 
differences are also found in the flowering-veraison season. However, the separation of means was 
still poor. During the growing season, the aridic regime was significantly drier than the rest and the 
udic regime was significantly wetter than the rest. Xeric and ustic regimes represented intermediate 
regimes between aridic and udic, but they showed significant differences during the phenological 
stages. The xeric regime was grouped with udic regime during budbreak-flowering and with aridic 
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regime during flowering-harvest. Moreover, the ustic regime was grouped with udic in all stages, 
except during flowering-veraison, which would be as dry as aridic.  
 
Table 8. Comparison of the percentage of dry days during every grapevine phenological stage between the 
different Soil Taxonomy SMR (N: number of observations). 
 Percentage of dry days  
SMR Dormant season 
Growing 
season 
Budbreak-
Flowering 
Flowering-
Veraison 
Veraison-
Harvest N 
Aridic 66.7 a 75.3 a 66.7 a 85.3 ns 73.7 ab 3 
Xeric (1) 12.3 b 49.3 ab 25.7 ab 53.3 ns 68.0 ab 3 
Xeric (2) 0.0 b 42.0 ab 0.0 b 64.0 ns 94.0 a 2 
Xeric (3) 9.2 b 38.7 ab 1.5 b 43.7 ns 62.2 ab 10 
Ustic (1) 11.0 b 31.6 b 17.4 ab 52.6 ns 39.8 b 5 
Ustic (2) 60.0 a 49.7 ab 28.0 ab 77.0 ns 29.3 b 3 
Udic  6.3 b 15.7 b 0.0 b 4.0 ns 27.7 b 3 
Different letters indicate significant differences at p ≤ 0.05 within one column using Newman-Keuls test. 
 
Table 9. Comparison of the percentage of dry days during every grapevine phenological stage between the 
different Soil Taxonomy SMR without subdivisions (N: number of observations). 
 Percentage of dry days  
SMR Dormant season 
Growing 
season 
Budbreak-
Flowering 
Flowering-
Veraison 
Veraison-
Harvest N 
Aridic 66.7 a 75.3 a 66.7 a 85.3 a 73.7 a 3 
Xeric  8.6 b 41.3 ab 6.1 b 48.3 a 67.6 a 15 
Ustic 29.4 b 38.4 ab 21.4 b 61.8 a 35.9 b 8 
Udic  6.3 b 15.7 b 0.0 b 4.0 b 27.7 b 3 
Different letters indicate significant differences at p ≤ 0.05 within one column using Newman-Keuls test. 
 
A cluster analysis was performed in order to find a classification of SMR that could better 
reflect the variability of soil moisture with implications for vineyard growing. The k-means 
algorithm was applied to data of percentage of dry days during the grapevine phenological periods. 
This method was selected because it allows grouping data, minimizing within-group variability 
while maximizing among-group variability (Young and Hammer, 2000). Six clusters were obtained 
in this way. Averages of percentage of dry days in different phenological stages for each cluster are 
shown in Table 10. In this classification, the cluster classes showed significant differences in all 
phenological periods, even for flowering-veraison period, and therefore present different 
implications for viticulture, related to potential for vegetative growth, the grape ripening process and 
grape production (Table 11). Cluster 5 represents a very dry soil moisture regime, with 100% of dry 
days until veraison and 60% during ripening in average, which may imply low grape production, 
with excessive sugar content and insufficient phenolic compounds (Van Leeuwen and Seguin, 1994; 
Van Leeuwen et al., 2003; Hunter and Deloire, 2005). At the other extreme, cluster 4 represents a 
humid soil moisture regime, with approximately 10% of dry days during the dormant season and 
growing season until veraison and 25% of dry days during grape ripening. In this case, soil moisture 
can favour an imbalance between vegetative vigour and grape production, at the expense of grape 
quality (Van Leeuwen and Seguin, 1994). Cluster 2 is similar to cluster 4, except for presenting a dry 
ripening period (75% of dry days in average), which may relatively favour the grape ripening 
process. The remaining clusters represent intermediate situations, which are characterized by a 
moderately dry growing season, with approximately 50% of dry days. A moderately limited water 
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regime induces generally positive effects on berry composition and wine quality (Kounduras et al., 
1999), with an increase of berry sugar, anthocyanin and tannin content and also an increase of the 
grape ripening speed (Van Leeuwen and Seguin, 1994).  
 
Table 10. Comparison of the percentage of dry days during every grapevine phenological stage between 
cluster classes, determined by means of the k-means clustering algorithm (N: number of observations). 
 Percentage of dry days  
Cluster 
classes 
Dormant 
season 
Growing 
season 
Budbreak-
Flowering 
Flowering-
Veraison 
Veraison-
Harvest N 
1 13.7 c 48.3 b 19 c 86.7 b 17 b 3 
2 1.4 c 29.6 c 0 d 18.5 d 75.8 a 8 
3 49.3 b 54.5 b 51.5 b 86.3 b 52.5 a 4 
4 10.6 c 16.6 c 0 d 11 d 24.6 b 5 
5 100 a 87 a 100 a 100 a 60.5 a 2 
6 11.6 c 48.9 b 0 d 68.4 c 70.6 a 7 
Different letters indicate significant differences at p≤ 0.05 within one column using Newman-Keuls test. 
 
The chi-squared test of independence showed a significant association between cluster 
classes and Soil Taxonomy classification (χ2 = 51.3, df = 30, p = 0.009). In order to analyse this 
association, the frequency in which SMR distribute in cluster classes is shown in Figure 3. All cases 
belonging to cluster 5, which represents the most limited soil moisture regime during grapevine 
growing, are classified as aridic. Nevertheless, aridic SMR was also found in other clusters (16 % of 
cluster 6). Moreover, all udic cases belong to cluster 4, which represents the most humid soil 
moisture regime. However, udic cases only represent the 60% of cases in cluster 4. Thus, there is a 
significant association but it is not strong enough to predict accurately the Soil Taxonomy SMR 
from cluster memberships, or vice versa.  
 
Table 11. Interpretation of cluster classes for viticulture. 
Cluster SMR description Implications for viticulture 
5 
 
Dry dormant and growing 
season. 
Low potential for vegetative growth, 
limited production, early grape ripening, 
possible excess of grape sugar content.   
3 
 
Moderately dry dormant and 
growing season. 
Moderate potential for vegetative 
growth, possible early grape ripening, 
possible balanced grape ripening. 
6 Humid dormant season and 
moderately dry growing season, 
but dry veraison-harvest period. 
High potential for vegetative growth, 
balanced grape ripening respect to the 
phenolics and sugar content. 
1 Humid dormant season and 
moderately dry growing season, 
but humid veraison-harvest 
period. 
High potential for vegetative growth, 
possible balanced grape ripening respect 
to the phenolics and sugar content. 
2 
 
Humid dormant and growing 
season, but dry veraison-harvest 
period. 
 
Very high potential for vegetative 
growth, possible delay of the grape 
ripening process. 
4 
 
Humid dormant and growing 
season. 
Very high potential for vegetative 
growth, delay and/or difficulties to reach 
grape ripeness. 
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Figure 3. Frequency (%) of each soil moisture regime according to Soil Taxonomy into each cluster. 
 
These results demonstrate that Soil Taxonomy SMRs are able to characterize differences in soil 
moisture dynamics that have implications in vineyard cultivation only in the most extreme cases 
(aridic and udic), but have limitations when xeric and ustic regimes are considered. In addition, Soil 
Taxonomy SMRs present other limitations in relation to the difficulty of determination of some 
variables, which require the calculation of consecutive days and periods with a given soil 
temperature. Furthermore, the control section for calculating the SMR is apparently a good 
approximation to estimate where the root system develops, but often some roots can explore very 
deep soil horizons in vineyards. This aspect should be taken into account when interpreting the 
results. In some cases, the SMCS is dry during the whole vegetative cycle, and vines would not 
survive if roots could not explore very deep horizons. The proposal of this study is based on 
applying the k-means cluster method to the percentage of dry days in the control section during 
different grapevine phenological stages. This method has the same limitations about the control 
section, but the variables are easier to determine, since consecutive days and soil temperatures are 
not considered. In addition, the statistical analysis groups the soil moisture regimes so that they 
reflect the maximum variability of water availabilities for the vineyard at different stages of 
development.  
 
3. CONCLUSIONS 
 
The SMR determination is an important requirement in viticultural zoning studies based on soil 
surveys, because of the effects of SMR in both wine production and soil classification. Soil 
Taxonomy classification is the most widely used, but this system shows some limitations when 
applied in viticultural zoning. The most important limitation refers to ustic and xeric SMR, which do 
not adequately reflect differences in the soil moisture dynamics during the grapevine phenological 
stages. This study proposes a classification based on determining dry days, as indicated by Soil 
Taxonomy, in different grapevine phenological periods and grouping the cases according to their 
variability, by means of a cluster analysis. Annual SMR resulting from cluster analysis show 
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significant differences in percentage of dry days in all phenological periods, and therefore present 
different implications for viticulture, related to potential for vegetative growth, grape production and 
the grape ripening process that may determine wine quality for a given year. 
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